The rare earth fluoride borate Tm 5 (BO 3 ) 2 F 9 was synthesized from Tm 2 O 3 , B 2 O 3 , and TmF 3 under high-pressure/high-temperature conditions of 5 GPa and 900 • C in a Walker-type multianvil apparatus. The single-crystal structure determination revealed that Tm 5 (BO 3 ) 2 F 9 is isotypic to the compounds RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb). Tm 5 (BO 3 ) 2 F 9 crystallizes in the space group C2/c (Z = 4) with the parameters a = 2030.9(4), b = 606.2(2), c = 822.6(2) pm, β = 100.5(1) • , V = 995.7(3)Å 3 , R 1 = 0.0341, and wR 2 = 0.0724 (all data). The structure is composed of isolated BO 3 groups, ninefold coordinated thulium cations, and fluoride anions. Infrared and Raman spectroscopic data of Tm 5 (BO 3 ) 2 F 9 are compared to the data of RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb).
Introduction
In the chemistry of rare-earth fluoride borates, the first known compounds RE 3 (BO 3 ) 2 F 3 (RE = Sm, Eu, Gd) [1, 2] and Gd 2 (BO 3 )F 3 [3] were obtained through the heating of stoichiometric mixtures of RE 2 O 3 , B 2 O 3 , and REF 3 under ambient-pressure conditions. In the last two years, the implementation of highpressure/high-temperature techniques have given access to four new structure types with the compositions RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb) [4, 5] , La 4 B 4 O 11 F 2 [6] , Gd 4 B 4 O 11 F 2 [7] , and Pr 4 B 3 O 10 F [8] . Recently, the first divalent rare-earth fluoride borate Eu 5 (BO 3 ) 3 F [9] was synthesized by Kazmierczak et al. under ambientpressure conditions. The successful syntheses of the phases RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb) [4, 5] indicated that most likely this structure type may also exist with the rare-earth cation Tm 3+ . While Er 5 (BO 3 ) 2 F 9 and Yb 5 (BO 3 ) 2 F 9 were synthesized at 3 GPa and 7.5 GPa, respectively, now, the isotypic thulium fluoride borate Tm 5 (BO 3 ) 2 F 9 could be synthesized successfully at a pressure of 5 GPa. In this paper, we report the highpressure synthesis of Tm 5 (BO 3 ) 2 F 9 , including a comparison with the isotypic compounds RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb) with respect to structural and spectroscopic data.
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Experimental Section

Synthesis
The synthesis of Tm 5 (BO 3 ) 2 F 9 was achieved under highpressure/high-temperature conditions of 5 GPa and 900 • C. A stoichiometric mixture of B 2 O 3 (Strem Chemicals, 99.9+ %), Tm 2 O 3 (Strem Chemicals, 99.9+ %), and TmF 3 (Alfa Aesar GmbH & Co KG, 99+ %) was pestled in a glove box and filled into a boron nitride crucible (Henze BNP GmbH, HeBoSint R S100, Kempten, Germany). The latter was positioned into an 18/11 assembly, which was compressed by eight tungsten carbide cubes (TSM-20, Ceratizit, Reutte, Austria) in a Walker-type multianvil device and a 1000 ton press (both devices from the company Voggenreiter, Mainleus, Germany). A detailed description of the assembly can be found in the references [10 -14] .
The 18/11 assembly was compressed to 5 GPa in 135 min, heated to 900 • C (cylindrical graphite furnace) within 15 min, kept at this temperature for 20 min, and cooled down to 700 • C during another 20 min. After cooling to r. t. by radiation heat loss, the decompression of the assembly lasted 7 h. The recovered octahedral pressure medium (MgO, Ceramic Substrates & Components Ltd., Newport, Isle of Wight, UK) was broken apart and the surrounding boron nitride and graphite were separated from the sample. This procedure yielded colorless air-and water-resistant crystals of the compound Tm 5 (BO 3 ) 2 F 9 . Fig. 1 (color Crystal structure analysis Tm 5 (BO 3 ) 2 F 9 was identified by X-ray powder diffraction on a flat sample of the reaction product, using a Stoe Stadi P powder diffractometer with MoK α1 radiation (transmission geometry, Ge monochromator, λ = 70.93 pm). Fig. 1 shows the powder pattern displaying reflections of Tm 5 (BO 3 ) 2 F 9 as well as a still unknown side product (marked with lines in Fig. 1 ). The experimental powder pattern (top) is in good agreement with the theoretical pattern (bottom), simulated from the single-crystal data. Indexing the reflections of the thulium fluoride borate, we derived the parameters a = 2030.1 (8) , b = 605.8(4), c = 822.7(5) pm, β = 100.6(1) • and a volume of 994.7(7)Å 3 . This validated the lattice parameters received from the single-crystal X-ray diffraction data ( was performed with SCALEPACK [15] . All significant details of the data collection and analyses are listed in Table 1. For the structure refinement, the positional parameters of the isotypic compound Er 5 (BO 3 ) 2 F 9 were used as starting values [4] . The parameter refinement (full-matrix least-squares against F 2 ) was achieved by using SHELXL-97 [16, 17] . All atoms were refined with anisotropic atomic displacement parameters. The final difference Fourier syntheses did not reveal any significant residual peaks in all refinements. The positional parameters of the atom refinements, anisotropic displacement parameters, interatomic distances, and interatomic angles are listed in the Tables 2 -5 .
Further details of the crystal structure investigation may be obtained from the Fachinformationzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-421889.
Results and Discussion
Crystal structure of Tm 5 (BO 3 ) 2 F 9
The structure of Tm 5 (BO 3 ) 2 F 9 consists of isolated BO 3 groups, ninefold coordinated thulium cations, and fluoride anions (Fig. 2) . For a detailed depiction of the structure, the reader is referred to the description of the isotypic compound Yb 5 (BO 3 ) 2 F 9 [5] . In this paper, a comparison of the three isotypic compounds RE 5 (BO 3 ) 2 F 9 (RE = Er, Tm, Yb) is given. Table 6 shows the values of the lattice parameters of Er 5 (BO 3 ) 2 F 9 [4] , Tm 5 (BO 3 ) 2 F 9 , and Yb 5 (BO 3 ) 2 F 9 [5] . The differences correspond to the decreasing ionic radii (lanthanoide contraction) of the ninefold coordinated rare-earth cations Er 3+ (ionic radius = 120 pm [18] ), compared to Tm 3+ (119 pm [18] ), and Yb 3+ (118 pm [18] We also calculated the charge distribution of the atoms in Tm 5 (BO 3 ) 2 F 9 via bond valence sums (∑V) using VALIST (Bond Valence Calculation and Listing) [19 -21] and via the CHARDI (charge distribution in solids) concept (∑Q) [22] , verifying the formal valence states in the fluoride borate. Table 7 shows the formal ionic charges, received from the calculations, which correspond to the expected values. Table 7 . Charge distribution in Tm 5 (BO 3 ) 2 F 9 , calculated with VALIST (ΣV) [19] and the CHARDI concept (ΣQ) [22] . [28] . We obtained a value of 53842 kJ mol −1 for Tm 5 (BO 3 ) 2 F 9 , compared to 53544 kJ mol −1 (deviation: 0.6 %), starting from the binary components 
IR Spectroscopy
An FT-IR absorbance spectrum of a single crystal of Tm 5 (BO 3 ) 2 F 9 was recorded with transmitted, polarized light on a BaF 2 plate, using a Bruker Vertex 70 spectrometer, attached to a Hyperion 3000 microscope, a MIR light source, and an LN-MCT detector. The spectral resolution was ∼4 cm −1 . The minimum-maximum normalization was realized by the OPUS 6.5 software (Bruker). In Fig. 3 , the spectrum of Tm 5 (BO 3 ) 2 F 9 is compared to the spectra of RE 5 (BO 3 ) 2 F 9 (RE = Er, Yb). The absorption pattern of Tm 5 (BO 3 ) 2 F 9 resembles those of the isotypic compounds, showing the characteristic absorbances for triangular BO 3 groups [5, 29, 30] . Below 650 cm −1 , bands are caused by the in-plane bending (ν 4 ) of the BO 3 groups. The strong absorptions, induced from the out-of-plane bending (ν 2 ) of the trigonal group, appear as sharp bands in the range of 650 -850 cm −1 . Due to the crystalline environment, the absorption bands between 900 -1000 cm −1 can be assigned as symmetric stretching vibrations (ν 1 ). The area of 1150 -1500 cm −1 shows the asymmetric stretching vibrations (ν 3 ) of the BO 3 groups. The already known singlecrystal absorbance spectra of the isotypic phases show two bands in the region of 3400 -3600 cm −1 (Fig. 4) , which indicate hydroxyl groups. In the corresponding spectrum of the dried bulk material of the isotypic compound Yb 5 (BO 3 ) 2 F 9 [5] , these bands were not present. The single crystals of all isotypic phases used for IR spectroscopy were exposed to the influence of air and humidity. In consequence, Tm 5 (BO 3 ) 2 F 9 shows a weak absorption pattern, which may be due to the substitution of fluoride by hydroxyl groups. This is a well known exchange, which apparently differs for the various fluoride borates [4, 5] , corresponding to the hygroscopic properties. In apatites, the exchange of hydroxyl and fluoride ions was observed and studied in detail [31, 32] .
Raman spectroscopy
In the range 100 -1600 cm −1 , a Raman spectrum of a single crystal of Tm 5 (BO 3 ) 2 F 9 was measured without polarizers, using a Horiba LabRam HR-800 confocal micro-spectrometer and a 785 nm diode laser. The scattered light was dispersed by a grating with 1800 lines mm −1 and collected by a 1024 × 256 open electrode CCD detector. The laser focus and the power on the sample surface were ∼1 µm and ∼10 mW, respectively. The depth resolution was ∼4 µm and the spectral resolution ∼2 cm −1 . The wavenumber accuracy of ∼1 cm −1 was accomplished by regularly adjusting the zero-order position of the grating and checked by a neon calibration lamp. The third-order polynomial background subtraction, normalization, and band fitting by Gauss-Lorentz functions were done by the LABSPEC 5 software (Horiba).
The Raman spectra of the isotypic compounds RE 5 (BO 3 ) 2 F 9 (RE = Er, Tm, Yb) resemble each other (Fig. 5) . The most intense bands < 500 cm −1 and the narrow, "isolated" band at ∼940 cm −1 occur in each spectrum. Above 1000 cm −1 , one broad band is noticed in the spectrum of Tm 5 (BO 3 ) 2 F 9 . Bands around 900 cm −1 in borates are usually caused by stretching modes of BO 4 tetrahedra, whereas those of BO 3 groups are anticipated > 1100 cm −1 [4, 33 -38] . However, in hydrated monoborates, very intense bands were observed at 882 and 501 cm −1 and assigned to symmetric stretching vibrations of the isolated BO 3 groups [35] . The unexpectedly high variation of B-O bond lengths inside the BO 3 groups (see above) might be the reason for the comparatively low wavenumber and the large wavenumber range of these bands. Bands < 500 cm −1 are evoked by the RE-O / RE-F bond bending and stretching, as well as lattice vibrations.
Conclusion
With the synthesis of Tm 5 (BO 3 ) 2 F 9 , the missing isotypic compound in the series RE 5 (BO 3 ) 2 F 9 (RE = Er, Tm, Yb) was found and characterized. To investigate the stability field of this structure type, additional experiments in the pressure range 3 -7 GPa were performed with the neighboring, larger rare-earth cations Ho 3+ , Dy 3+ , and Tb 3+ . Up to now, only structure types similar to that of the compounds RE 3 (BO 3 ) 2 F 3 (RE = Sm, Eu, Gd) [1, 2] and Gd 2 (BO 3 )F 3 [3] were identified.
